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Quasicrystals are metallic alloys, often 
containing 60 to 70 atomic per  cent AI. 
They typically exhibit crystaUographi- 
calty-forbidden symmetry, such as a 
fivefold rotational symmetry, illustrated 
in Fig. 1. Quasicrystals are reasonably 
abundant in a metallurgical context, 
since they can be formed by more than 
100 combinations of elements. Several 
of these forms are thermodynamically 
stable, and knowledge of their phase 
equilibria is crucial to many aspects of 
applications. Quasicrystals can be very 
well-ordered, based upon data from 
both real- and reciprocal-space t ch- 
niques.These facts contradict common 
misperceptions that they are glass-like 
and exclusively metastable. 
Discovered in 1982 by Dan 
Shechtman[1], quasicrystals are of the 
same vintage as buckyballs and high- 
temperature  superconductors .  Like 
those other two materials, quasicrys- 
tals posed a fundamental challenge to 
our understanding of nature.This chal- 
lenge arose because they are well- 
ordered on an atomic scale without 
being periodic. However, this chal- 
lenge was not immediately accepted, 
but instead prompted a public debate 
about whether  they should be consid- 
ered a new type of solid matter. Since 
198412], a large body of work has led 
to a consensus, within the materials 
science community, that quasicrystals 
do indeed comprise a distinct class of 
materials, worthy of study in their 
own right and possessing propert ies 
that are unusual in light of  their chem- 
ical composit ion. This work has also 
paved the way to exploit ing their 
propert ies ,  and the materials are 
po ised today for technological  
applications. 
Quasicrystals offer combinations of 
certain propert ies that make them 
attractive technologically. The Table 
compares propert ies of quasicrystals 
with more common materials. The 
Table focusses upon the quasicrys- 
talline phases in the AI-Pd-Mn and AI- 
Cu-Fe systems, because those data are 
more abundant than for other qua- 
sicrystalline alloys. The quasicrystals 
are noteworthy for their hardness, low 
thermal conductivity, low surface ener- 
gy, and low friction. Other attractive 
properties, for which data are not 
shown, include oxidat ion resistance, 
hydrogen storage capacity, and transi- 
tion from brittle to ductile behavior at 
elevated temperatures.An u attractive 
property is brittleness, as gauged by 
their low fracture toughness. 
The toughness of single-grain quasicrys- 
tals is below 0.5 MPa m 1/2. In contrast, 
Hardness (Hv) Room-~nperafure Fracture Coeffic/ent of  
~rmal  toughneu f rk ' f~  
conducfiv/ty (1W (MPa ml/ l)  (unlu/:r/cated, 
kg'WK -1) w~ rwpect to a 
diamond pinn air) 
Adherdon ~ Demm~x Yaont's 
w~ water (G/C.,~) modulus 
(n~/m2) (ct4'a) 
Qa~skrystals 
isosahedral Al-PD-Mn 700-900 [0] 
(single grain) 
icosahedral Al-Cu-Fe 800-1000 
(polygrain) [d, e, f, i] 
1.7 [b] 0.3 [a] 0.055 [g] 
1.9 [b] 1.6 [d] 0.046 [g] 
72 [i] 2OO [o] 
55 [j] 4.6 68-85 
[e,~] 
Metals 
Copper 
Aluminium 25 [c] 
High carbon steel 881 [c] 
Low-carbon steel 120 [c] 
400 [h] 30 [c] 
226 [hi 40 0.112 [g] 
15-20 0.071 [g] 
60[c] 
105 [i] 130 [c] 
98 [i] 2.9 70 [c] 
98 [j] 
7.8 215 [c] 
Ne~-A~e~ls 
Yllria-doped zircania 
Alumina 1950 [g] 
Diamond >5000 
2 [g] 
6[g] 4.7 [d] 0.067 [g] 
0.0.0.05 [9] 
5.6 
12o [i] 3o0 [d] 
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metallic crystals like aluminium are 
characterized by toughnesses about 
two orders of magnitude larger. As a 
result quasicrystals have little resistance 
to crack propagation in the tempera- 
ture range below 450°C. Hence, they 
are not very useful as bulk materials but 
may be more fruitfully employed as sur- 
face coatings or as composites. In such 
a case, the mechanical integrity is sup- 
plied by the substrate or the matrix, 
whereas the quasicrystal offers supple- 
mental functions. For instance, in a coat- 
ing, this may be hardness, protection 
against corrosion, optical absorbance, 
etc. As we see later in this article, qua- 
sicrystals present appealing alternatives 
to some materials used currently for 
surface treatment. 
Easy crack propagation is indicative of 
a low cleavage nergy (the energy cost 
for splitting a crystal into two parts 
with no plastic deformation, for 
instance at very low temperature).This 
energy is equal to twice the surface 
energy of the material since two fresh 
surfaces are created by propagating 
the crack. In good metals like alumini- 
urn, the energy of the clean surface is 
typically 1 J/m 2. No investigation f the 
clean surface energy has been per- 
formed yet on quasicrystals. 
Nevertheless, indirect evidence that 
the surface energy of quasicrystals i
actually small may be deduced from a 
comparison of contact angles meas- 
ured by depositing small liquid 
droplets on the surface of a quasicrys- 
talline sample as well as on reference 
samples such as teflon, metals, or a 
bulk oxide, namely alumina. The argu- 
ment is indirect because the liquid 
droplet does not come into contact 
with the naked surface but with the 
overlapping oxide layer. The droplet 
reaches an equilibrium shape under 
the competing effects of its own sur- 
face tension YL, the force due to the 
interaction with the wetted solid sur- 
face and the interaction of the solid 
and liquid vapor (we neglect here the 
effects of gravity and of the vertical 
reaction of the solid surface which are 
too small). Developments along this 
simple equation, already introduced 
two centuries ago by Young, take us to 
a fairly simple expression of the 
reversible adhesion energy of a given 
liquid onto the surface :W L = YL (1 + 
cos0). This assumes that the contact 
angle 0 is well defined, which is only 
true if the solid surface energy is com- 
parable to or smaller than YL. For many 
solid-liquid combinations, this is cer- 
tainly not fulfilled, and as a result the 
liquid spreads out as a thin film 
because the adhesion energy exceeds 
the cohesion energy of the liquid, i.e. 
E c = 2 YL" For instance, window glass is 
covered by a film of water rather than 
by droplets, making it impossible to 
define the contact angle (you may look 
at your windscreen in a rainstorm to 
verify this!). 
This holds true also for non-oxidized 
metals and alloys. On other solids, and 
especially teflon, water does not wet : 
the contact angle is clearly larger than 
90 ° and a fairly simple experiment 
shows that a droplet deposited on 
such a surface does not break into 
smaller ones if the surface is tilted. A 
small tilt angle is sufficient to make the 
liquid move downwards. It happens 
that finely polished quasicrystal sur- 
faces do not wet as well. Their 
reversible adhesion energy with water 
is only 25% larger than that of teflon 
(namely 55 mJ/m 2 and 44 mJ/m 2, 
respectively) whereas it is 1/3 of that 
of window glass.Alumina, which is the 
oxide always found at the surface of 
aluminium etal and its alloys, is com- 
parable to window glass in this 
respect. Thus, quasicrystals do not 
resemble their major constituent as far 
as wetting by water is concerned. The 
fundamental origin of this behaviour is
not yet fully understood since qua- 
sicrystals also carry a thin surface 
oxide layer (see below). However, it is 
certainly related in some way to the 
specific atomic and electronic struc- 
ture of quasicrystals, the latter being 
dominated by electron localization. 
The most important issue for under- 
standing the physics of quasicrystals is 
hidden behind the words electron 
localization' above. What we mean 
here is the following. In regular crys- 
talline systems like Cu-Zn brass or A1- 
Cu compounds, the phase diagram 
comprises a series of compounds with 
sharply defined compositions. As 
pointed out in the early 30's by Hume- 
Rothery[3], these systems, made of 
atoms of nearly equal size but slightly 
different electronic charge, are the 
subject of a sequence of allotropic 
phase transitions at special electron to 
atom concentrations.The main driving 
force for such transitions was discov- 
ered a decade later by Jones[4]. It turns 
out that the most mobile electrons, 
those which occupy the highest ener- 
gy level at 0 K (the Fermi energy), also 
satisfy the scattering condit ion 
imposed by existing atomic planes. 
Accordingly, these electronic waves 
can not propagate along the associated 
direction in reciprocal space (or k- 
space). A gap of forbidden energies 
opens then for those electrons. As a 
consequence, occupied states just 
below the Fermi energy are repelled 
down to larger binding energies, thus 
increasing the stability of the crystal, 
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ourtesy of Akihisa !noue, Tohoku Universify, Japan. 
whereas unoccupied states are made 
available just above the Fermi level. In 
a chemist's terms, this is analogous to a 
Jahn-Teller splitting at the Fermi level. 
Upon changing the composition i  the 
phase diagram, i.e. the electron to atom 
ratio, the position of the Fermi level 
moves as well and the Hume-Rothery 
criterion is no longer statisfied. The 
structure then prefers to Fred another 
atomic arrangement in order to restore 
its stability thanks to a better matching 
between the position of the Fermi 
level in reciprocal space and momen- 
tum transfer of the scattering lines. For 
most directions in k-space, the Fermi 
electrons may propagate freely. It is 
only along a few specific directions 
that the Hume-Rothery gap opens in a 
normal crystal. Although essential for 
the stability of the structure, this has. 
only little effect on the physcial prop- 
erties.The most noticeable ffect is the 
reduction of the average number of 
electronic states in the vicinity of the 
Fermi energy, a feature also called a 
pseudo-gap. 
Soon after the discovery of quasicrys- 
tals, Friedel and a few others[5] 
showed that the Hume-Rothery criteri- 
on is predominant in quasicrystals.The 
basic reason is the high symmetry of 
this kind of close-packed structure. 
Atomic planes which match in k-space 
with the momentum of Fermi elec- 
trons are far more numerous than in 
crystals.Their isotropic spatial distribu- 
tion leads them to form a nearly spher- 
ical tiling in reciprocal space. Hence, 
Fermi electrons are trapped in this 
sphere, just like standing waves on the 
surface of a liquid are reflected by the 
walls in a barrel. Experimental evi- 
dence in favour of this view was sup- 
plied first by E. Belin[6] who studied in 
detail the contribution to the electron- 
ic structure due toA1 3p electrons, pre- 
cisely the electrons that control elec- 
tronic transport in quasicrystals. The 
existence of a deep pseudo-gap in all 
quasicrystals has been confirmed sev- 
eral times since. 
Electron localization is naturally 
responsible for the weak electrical and 
thermal conductivities of quasicrys- 
tals. An emblematic example of this 
property is the electrical conductivity 
which, from a phenomenological point 
of view, is comparable to that of doped 
semiconductors. At very low tempera- 
tures, it is typically six orders of 
magnitude below that of pure alumini- 
um (some quasicrystals like 
A170.5Pd21Re8. 5 may even be consid- 
ered to be insulators).The conductivity 
rises sharply upon heating (by a factor 
of 200 between 4 K and 300 K in 
AlPdRe) as well as by increasing the 
density of lattice defects. This behav- 
iour is encountered in semiconductors 
but by no means in metallic systems 
like the constitutive species. Close 
examination of the data available on 
conductivity, specific heat and elec- 
tronic structure clearly indicates how- 
ever that electron transport in qua- 
sicrystals is not related to a single acti- 
vation mechanism of charge carriers. 
Meanwhile, thermal conductivity 
above room temperature is only par- 
tially due to electronic charges, in 
strong contrast to good metals, for 
which the contributions of phonons, 
the collective lattice excitations, are 
negligible.At low enough temperature, 
say below 150 K, the participation of 
electrons in heat transport is so weak 
in quasicrystals that it is no longer 
observable. In this temperature ange, 
long wavelength phonons propagate 
easily since they experience only a 
continuum.At 70 K, the wavelength of 
most phonons becomes comparable to 
the size of the atomic clusters which 
build up the quasicrystal rchitecture. 
Hence, a severe damping of heat con- 
duction is then observed between 70 
K and room temperature, so that the 
thermal conductivity is quite compara- 
ble to that of amorphous silica.Typical 
values at 300 K are in the range 0.8-1.5 
W/mK and may be as small as 10-2-10 .4 
W/mK below 20 K (in this range, pure 
copper shows a conductivity as large a 
few 103 W/mK!). Again the specific 
structure of quasicrystals plays a domi- 
nant role in restricting the propagation 
of phonons. Phonons, which are peri- 
odic waves too, do not travel easily in 
an aperiodic lattice as soon as their 
wavelength becomes comparable to 
the size of the constitutive atomic clus- 
ters, i.e. above about 7OK. 
Furthermore, vectorial combination of 
two phonons goes in the opposite 
direction (an Umklapp process) to that 
of the incident phonons in quasicrys- 
tals, in strong contrast o the case of 
regular crystals, in which such a com- 
bination is favourable to heat trans- 
port. Finally, quasicrystals contain a 
large number of atomic sites with two 
nearly equivalent equil ibrium posi- 
tions. Such so-called phason sites may 
be excited by the travelling wave and 
hence absorb part of its energy. This 
also inhibits the conduction of heat. 
At sufficiently high temperature, say 
beyond 450°C, quasicrystals become 
plastic and deform more and more 
with applied stress. Deformation is car- 
ried out by dislocations as in conven- 
tional crystals. However, in contrast o 
conventional crystals, there is no work 
hardening. This proves the absence of 
pinning centers and points toward a 
visquous flow regime that might be 
due to some friction between suppos- 
edly undeformable atomic entities. 
Current research seeks actively to 
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understand the plasticity of quasicrys- 
tals. In the same temperature range, it 
is also observed that thermal vacancies 
multiply and play the key role in atom- 
ic transport  over large distances. 
Accordingly, diffusion coefficients of 
quasicrystals in the temperature range 
above 450°C are similar to those meas- 
ured in aluminium-based inter- 
metallics. Similarly, the oxidation resist- 
ance of quasicrystals does not actually 
depart from that of aluminium alloys 
or compounds. When in contact with 
pure 02 or air, the quasicrystal surface 
is soon covered by a thin layer of pure 
alumina. Again, two temperature 
regimes may be distinguished, below 
and above 450°C, with slow and quick 
formation kinetics of the oxide film, 
respectively. 
Friction, finally, is an important issue 
for quasicrystals too. Friction experi- 
ments using two single-domain and 
perfectly clean (oxide-free) samples 
show unambiguously that the friction 
coefficient of two quasicrystals against 
each others is about an order of mag- 
nitude lower than that of pure metallic 
single crystals like Cu or Ni. In air, the 
difference is less marked (and friction 
may be influenced by the presence of 
the oxide layer and of surface contam- 
inants). Numerous experiments using a 
spherical diamond pin have concluded 
that friction is lower on a quasicrystal 
(~ --- 0.04-0.05) than on steel (~ = 0.07) 
of comparable hardness. Using more 
conventional riders such as mild steel 
or WC-Co sinters, the comparison is 
less favourable to the quasicrystal due 
to the transfer of material from inden- 
ter to the surface. During such friction 
measurements, a major drawback aris- 
es from brittleness of the contacting 
bodies and hence formation of wear 
particles. However, scratch tracks indi- 
cate that quasicrystals ubjected to 
repetitive and severe shear develop 
some ductility during this process, and 
consequently acquire an ability to self- 
repair. This brittle-to-ductile behavior 
might be associated with the nucle- 
ation of crystalline nanometer-sized 
grains within the quasicrystal l ine 
matrix. 
into two categories: composites and 
coatings. (We use the term composi te 
very  broadly  to inc lude mult ip le  
phase materials produced both by 
artificial mixing and by natural pre- 
cipitation.) In both forms, the brittle- 
ness which characterizes the bulk 
material is mit igated.Among the com- 
posites, a precipitat ion-strengthened 
steel has been discovered by J.-O. 
Nilsson and coworkers,  and is cur- 
rently marketed by Sandvik Steel in 
Sweden. The precip i tates are qua- 
sicrystalline. The steel is strong, rela- 
tively ductile, corrosion-resistant, and 
resistant o overaging. The quasicrys- 
taUine precipitates are numerous, and 
resist coarsening during aging. Both 
of these effects must reflect a low 
interfacial energy. The steel is attrac- 
tive for tools in the health industry 
(surgery, dentistry, acupuncture)  and 
comprises key components  of a 'wet '  
electr ic shaver currently marketed by 
Philips. 
Another type of bulk composite is an 
M-based alloy which can be formed by 
rapid solidification and powder  pro- 
cessing.The quasicrystals form by pre- 
cipitation, yielding nanoscale particles 
surrounded by an A1 matrix. A. Inoue 
and his group at Tohoku University 
have found that certain composit ions 
can exhibit especially high strength or 
high ductility. One such alloy, AI-Fe-Cr- 
Ti, exhibits ufficiently high strength at 
elevated temperature that it meets a 
US airforce goal level for Al-based 
alloys.The optimal mechanical proper- 
ties of these composites, taken over all 
icosahedral-forming composi t ions 
studied to date, are mapped by the 
outer envelope in Fig. 2.The propert ies 
are compared with those of a more 
common A1 alloy, for which data are 
shown by the inner envelope. In all 
cases (except of course thermal expan- 
sion), the quasicrystalline-rich compos- 
ites excel. Gigas, in Japan, markets 
these materials as extruded bars and 
preformed parts. 
A type of composite which is promis- 
ing, but not yet marketed, involves poly- 
mers with quasicrystalline fillers. Tests 
with certain high-performance thermo- 
plastic resins have shown that qua- 
sicrystalline AICuFe particles enhance 
the wear resistance of the polymers ig- 
nificantly.This effect is not understood, 
but may be related to a combination of 
the hardness, low friction, and low ther- 
mal conductivity intrinsic to the qua- 
sicrystal.At the same time, key thermo- 
chemical characteristics of the poly- 
mer - i t s  glass and melting transitions-- 
are unpemu-bed, indicating that the 
:= 
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1000 
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As ment ioned previously,  appl ica- 
tions of quasicrystals, both actual and 
anticipated, can be broadly p laced 
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quasicrystal does not catalyze cross- 
linking or other disadvantageous chem- 
istry in the resin. This work is being 
done under the direction of~. Sheares at 
the Ames Laboratory. 
Turning now to applications as coat- 
ings, thermal barriers may be manufac- 
tured as thick coatings by thermal 
spraying techniques or magnetron 
sputtering.This application relies upon 
bulk propert ies of quasicrystals, name- 
ly low thermal conductivity and plas- 
ticity at high temperature. As such, the 
quasicrystal is a poor  heat conductor 
which furthermore is able to sustain 
easily the shear stress, if any, generated 
at the interface with the substrate due 
to the difference between thermal 
expansion coefficients. In contratst o 
zirconia, such a difference is small 
since expansion coefficients for qua- 
sicrystals, In the range of 13 to 16 x 10- 
6K-l, are close to those of metallic 
alloys. In comparison to metals, qua- 
sicrystals also resist oxidation and cor- 
rosion by sulphur at high temperature. 
The main drawback for using qua- 
sicrystals comes from their rather low 
melting temperature and significant 
atomic mobility. Intercalation of a thin 
diffusion barrier, typically made of an 
oxide such as Y203 , allows the latter 
difficulty to be overcome asily. A spe- 
cific composit ion with nearly congru- 
ent melting at 1170°C was developed 
by P.Archambault and his colleagues at 
Ecole des Mines in Nancy to enhance 
the temperature range in which qua- 
sicrystalline thermal barriers may be 
useful. Although not competit ive with 
doped zirconia above 1050-1100°C, 
such barriers were successfully tested 
at 950°C during a real t ime,ground test 
of an air-craft engine. Application to 
other combustion engines, to power  
generators or, in general, to heat insula- 
tion of fast-moving mechanical parts is 
also of interest. 
In terms of applications, the most pub- 
licized aspect of quasicrystals has been 
their potential strength in the arena of 
coatings which combIne wear resist- 
ance with low friction and/or low 
adhesion. One product is already on 
the market which exploits these prop- 
ert ies- - the quasicrystal-coated frying 
pan, sold by Sitram.The quasicrystal is
not directly competit ive with Teflon in 
terms of its so-called non-stick proper- 
ty--recal l  that the work of adhesion of 
the quasicrystal with water, for 
instance, is not as small as that of 
Teflon with water - -but  adhesion for 
many foods is reduced relative to a 
metal pan, and of course the coating is 
much harder than Teflon.The hardness 
means that normal cutlery can be used 
with the quasicrystal coating, an attrac- 
tive feature relative to Teflon. 
Furthermore, the low thermal conduc- 
tivity also presents a major advantage 
in the cookware, since it leads to even 
surface heating. 
The frying pan is a good example of 
the general need to balance hardness 
and surface propert ies in coatings.The 
place of the quasicrystal in the general 
scheme is illustrated in Fig. 3. It can be 
seen that the quasicrystal is quite hard, 
yet offers unique surface properties. 
In spite of the fact that one product is 
on the market, optimization of coating 
properties for wear-resistant, low-fric- 
tion and/or low-adhesion applications 
still requires much technological devel- 
opment. One problem is that coatings 
commonly contain significant levels of 
phase impurities, which can make the 
coatings more susceptible to wear via 
brittle fracture than the pure quasicrys- 
tal.The phase impurities arise from the 
complex solidification pathway of qua- 
sicrystals, and from other technical 
problems of fabrication, mostly related 
to the low thermal conductivity. The 
wear can also lead to a large increase 
in the friction coefficient. One possi- 
b le  solution to this problem has been 
d iscovered by D. Sordelet and 
coworkers at Ames Laboratory, who 
found that addit ion of a very small 
amount of a more ducti le phase, FeA1, 
to a plasma-sprayed coating of AICuFe 
can improve the coating's wear prop- 
erties. Obviously, the propert ies of the 
quasicrystall ine coatings are very sen- 
sitive to the phase purity, and more 
specifically to the exact nature of the 
secondary phase(s). 
Many aspects of the technologies per- 
taining to quasicrystals have been 
patented; a good surnrnary of the major 
patents is available in[7].A reader inter- 
ested in more scientific details will find 
an appropriate ntrance into the litera- 
ture via several recent compendia[8-10]. 
Some promising applications have not 
been mentioned in this article, namely 
hydrogen storage, catalysis, thermo- 
electrics, and optical absorbers. While 
promising, these applications seem far- 
ther from realization than the ones men- 
tioned above, in the opinions of the 
present authors. It is also our opinion 
that the complexity of quasicrystals i
such that further growth in the basic 
understanding of their physics and 
chemistry will go hand-in-hand with 
future technological development, per- 
haps more so than for conventional 
materials. 
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